This paper proposes and develops a new direct voltage control (DVC) approach. This method is designed to be applied in various applications for AC drives fed with a three-phase voltage source inverter (VSI) working with a constant switching time interval as in the standard direct torque control (DTC) scheme. Based on a very strong min(max) criterion dedicated to selecting the inverter voltage vector, the developed DVC scheme allows the generation of accurate voltage forms of waves. The DVC algorithm is implemented on a dSPACE DS1104 controller board and then compared with the space vector pulse width modulation technique (SVPWM) in an open loop AC drive circuit. To demonstrate the efficiency of the developed algorithm in real time and in closed loop AC drive applications, a scalar control scheme for induction motors is successfully implemented and experimentally studied. Practical results prove the excellent performance of the proposed control approach.
I. INTRODUCTION
During the last two decades, AC variable speed drives have demonstrated increasing success. This is the result of technological progress in power inverters and their very fast and accurate drivers on the one hand and progress in digital signal processors such as DSP and dSPACE kits on the other. Various control schemes are in fact built, experimentally studied and commercialised for industrial purposes. Field oriented control (FOC) and direct torque control (DTC) are typical examples [1] - [4] .
All of the available FOC versions require a speed sensor and their machine voltage is ensured by a power inverter governed by the space vector pulse width modulation strategy (SVPWM) whose switching period is always in the range of 100 to 200 microseconds [1] . Due to the modulation principle, the actual switching times of the inverter IGBT's are variable in this range and can therefore reach very small values. The current waveform is then sufficiently smooth. Torque and speed rising times in the closed loop operating points are about the rotor time constant.
By principle, DTC schemes are speed sensorless [3] . Furthermore, DTC does not require switching time modulation. Inverter IGBT's are in fact commanded with a constant switching time that generally lies within the range of 25 to 50 microseconds. The torque and stator flux magnitude are realised by adequately selecting a voltage vector among those available in the inverter. The DTC structure is simple when compared to FOC. Furthermore, the torque response is very fast. The main drawback of DTC is the significant current and torque ripples if the selected voltage vector is not the best one.
Because the DTC option [5] , [6] is the largest control scheme considered in our scope, the development of a voltage control strategy that works with a constant switching time is proposed in this paper. Consequently the aim of this paper is to obtain a suitable reference voltage vector directly with no need for space vector modulation. The developed method, here labelled DVC (Direct Voltage Control), is compared with the SVPWM technique, which is considered as a reference. The comparison is realised in an open loop control structure using an induction motor as a power process. Furthermore, practical implantation is realised on a dSPACE DS1104 controller board.
This paper is organized as follows. First, a brief description of the SVPWM technique is presented in section II. Then the theoretical background of the proposed DVC is developed and discussed in section III. An interesting point of the developed scheme is that the voltage vector selection is based on very strong min(max) criterion. Moreover, we detail in the same section the fundamental steps of the algorithm and the Simulink structure to be implemented in the dSPACE DS1104 environment. The detailed structure of our test bench is given in section IV. Section V presents and comments on the results of the comparison between the DVC and the SVPWM in an open loop running system. This study considers a lot of factors such as the quality of the waveforms, the harmonic spectrum, the losses, etc. Finally, we present in section VI the results of the DVC in the case of a closed loop scalar control structure. To ensure a good speed response, a PI controller anti-windup supplementary loop is used. Several experimental results are presented and discussed and some concluding remarks are outlined.
II. SUMMARY OF SPACE VECTOR PWM MODULATION TECHNIQUE
The most accurate technique for obtaining an adequate voltage vector for variable speed applications of AC machines is surely the space vector approach [7] , [8] . The space voltage vector approach is a two-components-based complex variable whose magnitude and angle are varied in time according to a desirable operating point; the stator flux magnitude and the machine speed for example.
For a lossless-admitted three phase voltage inverter, the output voltage is strictly defined by the DC bus voltage (V dc ) supplying the inverter and the logical state of the three highest IGBT's (c 1 , c 2 , c 3 ) in its configuration. There are only eight possible different logical combinations of (c 1 , c 2 , c 3 ) leading to six active voltage vectors and two zero voltage vectors. It is well known that for a specified switching combination of (c 1 , c 2 , c 3 ), the space vector of the inverter output voltage can be expressed as follows, where k is an integer indicating the switching combinations [9] , [10] . For this purpose, it is assumed that the switching frequency is high and that the change inv ref over this period is small. The modulation scheme can be represented using the following equation [10] - [12] :
In this equation, T k , T k+1 and T 0 give the respective durations for which switching states corresponding tov k ,v k+1 andv 0 are applied. The voltage vectorsv k andv k+1 are the basic space vectors determining the sector containingv ref .
Vectorv 0 is the null switching vector activated for time T 0 to make up the rest of the switching period such that:
According to Fig. 2 and equation 3, the solution satisfies equations 4 where ρ and ζ are respectively the voltage ratio and the angle ofv ref with respect to the considered sector.
. (4) The switching times T k and T k+1 of the neighbouring voltage vectorsv k andv k+1 to the demanded vectorv ref have a periodicity angle equal to 60 degrees and, antagonistic behavior. When T k , for example, is near the maximum value, T k+1 reaches a small value that can be less then a few microseconds. This means that the command will switch at a high local frequency leading to possible supplementary semiconductor losses. On the other hand, for some technological considerations, inverter drivers do not support a very low commutation time. In industrial processes, switching control uses the well known dead beat procedure to avoid switching times that are less than two microseconds for example.
III. FUNDAMENTALS OF THE PROPOSED DIRECT VOLTAGE
CONTROL SCHEME
Let us now consider that time is computed by a discrete clock having a sampling period T d that is chosen to be N time smaller than the period T s used by the SPWM routine (T s = N T d ). During the SPWM period T s , vectorv 1 will be used N 1 times while vectorv 2 will be used N 2 times. Integers N 1 and N 2 are defined by their rounded values that verify:
Because the sum (N 1 + N 2 ) is not necessarily equal to N , at the end of the SPWM period T s , there will be an error between the theoretical average voltage value and the actual synthesized one. The magnitude of this error is expressed by the following relation, showing its dependence on the integer N , the voltage ratio ρ and the angle ζ:
Fig . 3 shows the evolution of the error magnitude ε in % versus the voltage angle ζ when ρ = 1 and N = 10. As can be seen the error remains less than 7% on this angular interval. Because of the well known periodicity property of the switching time intervals of the SPWM, this error will remain less than 7% over the entire 360
• of space. The variations in the defined error with respect to different values of N and ρ have also been studied and in each case the absolute maximum error has been retained. Fig. 4 summarizes the obtained results.
It is evident that if N is great enough; the results theoretically converge with those of the SPWM solution. In other words, the errors will vanish. When analyzing the possibility of admitting some error level, it is obvious that admissible limits should be specified for N and ρ. This means that by a compromise between the demanded magnitude of the voltage vector and the period T d , an average vector voltage can be obtained with sufficient precision. In other words, instead of operating with the SPWM technique with a large period T s , one of the available inverter voltage vectors can be directly selected after some shorter time interval T d .
Let us designate with n(t) the selected one among the seven inverter voltage vectors at the instant t. To force the average voltage to converge with the command value, we select a n(t) so that it minimises the voltage error along the time. This constraint is expressed by the following criterion:
As the voltage vector is constant during the considered time interval, one can express the evolution of the voltage error by equation (8) and select the best inverter voltage vector according to the norm minimization as defined by equation (9) .
The above minimization integral criterion must naturally respect at any time the d and q components. In some previous studies [5] , [6] where this criterion has been used in the direct torque control of induction motors, it has been observed that in certain cases, this criterion can have the same value for two vectors voltages. This situation occurs when the vector error is located exactly between two consecutive voltage vectors, which results in a hesitation over the choice of the appropriate vector. The application of the norm criterion leads to the choice of the first vector encountered in the direction of trigonometry. Such a choice has no effect on the direct component of the error. Contrary to this, the inverse component of the error is affected. In fact, the sign of this component changes from one choice to another. To palliate at this, the norm criterion was transformed to a new criterion named min(max). The objective of this criterion is to minimise the maximum between direct and the quadrature components of the voltage error. That is, the best voltage vector is selected according to:
The direct voltage vector scheme is summarised by the following steps:
a. Choose a vector voltage and compute the new associated d and q components of the flux error with equation (9) .
The maximum absolute value of these components is retained and saved. b. Repeat step a) for the other voltage vectors. (10) . Fig. 5 gives a general view of this control scheme realized in the Matlab/Simulink environment.
IV. A BRIEF DESCRIPTION OF THE EXPERIMENTAL PROCESS
The previously developed algorithm is implemented and tested in an experimental environment. Fig. 6 summarizes the general architecture of our benchmark. A photograph of the experimental setup is shown in Fig. 7 . The benchmark consists of:
• A dSPACE DS1104 controller board with a TMS320F240 slave processor and an ADC interface board CP1104. The DS1104 board is installed in an Intel(R) Pentium(R) D CPU 3.4GHz PC for software development and results visualization.
• A two-pole induction motor (the parameters are listed in table 1) loaded with a magnetic particle brake capable of producing a torque proportional to its current excitation. For speed measurement purposes, the machine shaft is coupled to an incremental encoder having 360 pulses per revolution.
• A three-phase VSI whose dc bus voltage is generated by a rectifier connected to a 400V-50Hz AC electrical source.
• A 4-channel, 150 MHz digital oscilloscope for current and voltage registration and a 2-channel, 20 MHz analog oscilloscopes for online visualization of the desired variables.
• Some devices for current and voltage measurement. All of these devices are sensors that are LEM-based and calibrated so that the obtained analogue signals should remain in the range of 0 to ±10V as required by the A/D converters of the dSPACE. The benchmark includes a lot of other devices such as standard measurement equipment, analogue signal filters, analogues circuits defining the dq voltage and current components, etc.
V. A COMPARISON OF DVC TO SVPWM IN AN OPEN
LOOP REGIME
To evaluate the performance of the proposed DVC scheme developed in section III it is compared to the conventional SVPWM technique in a real time application. The SVPWM modulation technique remains the most adequate reference to show the appropriateness and effectiveness of this work. These two approaches have been implemented in the Simulink environment working in real time by a dSPACE DS1104. The two approaches are then successively tested while supplying an induction machine working in an open loop. Fig. 8 gives a general view of the studied structure. The same frequency (ω s = 100πrad /s) and voltage ratio (ρ = 0.8) of the applied reference voltage vector, the same induction motor, the same load, etc. have been respected. The sampling times used in the real tests are T s = 50µs for the DVC approach and T s = 200µs for the SVPWM technique, respectively. Fig. 9 through 12 summarize the generated practical results. Curves indicated by 'a)' correspond to the case of the SVPWM technique considered here as a reference method and curves indicated by 'b)' correspond to results of the proposed DVC scheme. Fig. 9 furnishes the direct component of the instantaneous value and the moving average value (local mean value) of the stator voltage for both the SVPWM and DVC approaches. We observe without ambiguity that the average value generated by the DVC scheme is sinusoidal as well as the SVPWM method. This successful result is confirmed by the good current waveforms shown in figure 10(b) . Note also in figure 10(b) the very accurate perpendicularity between the dq current components of the DVC scheme.
The current waveforms obtained by the two methods ( Fig.  10 ) are also treated in terms of harmonic decomposition. The harmonic spectrums and the THD values are presented in Fig.  11 . We can see in this figure that the current THD values obtained by the two methods are very similar. This implies that the proposed scheme has practically the same potentialities as the SVPWM technique. This is a very promising result. However, this optimistic conclusion should be considered very carefully. In fact, intensive study of this problem by including the effects of frequency and voltage ratio ranges should be accurately carried out. A future work will discuss this point with more detailed information. For the moment, we conclude that the developed approach largely satisfies the tracked objective. Fig. 12 supports this satisfactorily. It shows a front view of the used digital oscilloscope tracking the d and q components of the sinusoidal reference voltage and the actual filtered voltage. The filter used is an analogue adequate RC circuit.
System losses are an important factor not only from an energy economy point of view but also when considering possible excessive heating, which can damage the circuit. These losses are globally dominated by joule losses, iron losses and switching losses in the voltage inverter. The former type of losses is highly dependent of the number of commutations in a given time interval. In this sense, we have counted the number of commutations over a time interval equal to 100ms for the two methods (standard SVPWM and the proposed DVC). This corresponds to 5 fundamental periods of 50Hz. It should be noted here that the count of the commutations is realized not on the command signals of the voltage inverter but on the actual voltage supplying the induction machine (the actual output of the inverter). For this purpose, the machine voltage is saved during 100ms with a digital oscilloscope (MTX 3354) giving 50,000 samples. This means that we have one sample every two microseconds which is large enough to have good accuracy in impulsions counting. The obtained result shows that the number of commutations is reduced from 1309 with SVPWM to 1083 with DVC. This is a reduction of 17.27%. This implies that the switching losses in the inverter are consequently reduced by about 17.27%.
This study shows that the developed approach has a lot of interesting and advantageous points such as:
√ The proposed DVC scheme does not require the use of a professional space vector pulse width modulation (SVPWM) module, which is in general a built in generator, because it requires a very fast computing time. 
VI. CHECKING THE DVC APPROACH IN CLOSED LOOP REGIME HECKING A. Presentation of the implemented control structure
The study presented and commented on in the previous section for the proposed DVC scheme was restricted to steady state operating points. To test and check the performance of this scheme in closed loop control, the scalar constant voltage-frequency ratio (CVFR) technique was implemented. A well known version of the CVFR technique uses the measured machine speed signal and a PI controller to define the electrical frequency reference, and the voltage reference is considered proportional to this frequency [13] , [14] . To keep the voltage reference in the permitted practical limit, a saturation block is added as indicated by figure 13 , which sketches the implemented control structure. In this structure there is a reference block (voltage and frequency commands) defined by the CVFR and the DVC block that generates the power inverter command signals as previously introduced.
In practical implementation, the main drawback of the CVFR procedure lies in the effect of the stator-voltage drop especially in low speed operation. The voltage drop at low frequencies has the same order of magnitude as the computed voltage and it makes the method inadequate for the low speed region. This problem can be partially compensated for by according an approximate relation, instead of the nonlinear theoretical relation. This is why the following linear voltagefrequency dependency was used. In this equation, V 0 is the boost voltage and K v defines the slope that corresponds to the nominal stator flux value.
It is also important to note that we have enhanced this control structure by introducing an improvement upon the classical PI controller. In severe transient regimes, as induction machines start up for example, the saturation of the manipulated variable can introduce a phenomenon that causes a racing of the integral action, which is likely to deteriorate the performance of the system or even to destabilize it completely. To overcome this phenomenon, an internal anti-windup loop was added and implemented to the digital PI controller [15] . A Simulink model implementing the PI controller with the anti-windup scheme is shown in Fig. 14. The source of the feedback to the integrator is the difference between the input (upstream value) and the output (downstream value) of the saturation block. If "windup occurs" and the control signal becomes larger than the saturation limit, the difference becomes negative. This negative value is passed through a gain block (tracking time constant T t ) before arriving as feedback to the integrator.
B. Results and comments
To evaluate the performance of the implemented control structure, a series of measurements has been taken. These measurements correspond to a perturbation scenario which is made up of three cases. Graphical results shown by figures 15 to 17 are obtained using the Control Desk R graphical user interface provided in a dSPACE DS1104 Case i): The induction machine is initially running at a constant speed reference (157rad/s) and under a no load regime. From this situation, we apply a load torque of 3Nm during a time interval of 10s and then we remove the load. This case corresponds to a step up and a step down torque perturbation. The motor load is a magnetic powder brake that generates a torque proportional to the dc excitation current. Fig. 15 corresponds to this case and presents time responses respectively of:
• the stator reference pulsation ω sref at the output of the anti wind-up PI controller (curve a: red color), • the electrical rotor speed ω r captured by a speed sensor using an incremental encoder having 360 pulses per revolution (curve b: green color),
• the voltage duty ratio defining the reference value for the stator voltage magnitude (curve c: blue color). It can be easily seen that this torque perturbation has a very small effect on machine speed. In fact, this variable has practically the same value as in the steady state. Only a very small and dumped variation occurs at the torque rising and decreasing. This implies that the anti-wind up PI controller works successfully and that the machine speed converges to its reference value. From figure 15 we have evaluated the machine speed deviation in percent with respect to the reference value. This deviation is negligible since it remains less then 5%.
The most important effect due to the torque perturbation appears on the stator pulsation and the voltage magnitude. On the basis of the classical theory of induction machines and in particular for the practical operating area of the speed-torque curve, it is well known that the torque is proportional to the frequency and proportional to the square of the voltage. These properties explain why the stator voltage and the pulsation trajectories have the same shape as the torque command. Finally, as can be seen from figure 15 the system dynamics correspond to a settling time of about one second and a maximum overshoot of less then 5 %.
Case ii): The induction machine is initially running under a load torque producing a rotor speed of 94.2rad/s. The torque of the load is kept constant. A positive and then a negative step change of the speed reference is realized. The speed command is suddenly increased from 94.2rad/s to 188.5rad/s then decreases to the initial value of 94.2rad/s . Fig. 16 corresponds to this case and shows:
• The machine speed reference ω ref (curve a: red color).
• The electrical rotor speed ω r (curve b: green color).
• The stator reference pulsation ω s (curve c: blue color).
• The voltage duty ratio (curve d: light blue color). These results prove the good performance of the implemented control structure. In fact, the machine speed reaches its command without an undesirable lag or overshoot and therefore a very stable steady state point is obtained. Note also that the voltage duty ratio trajectory is highly similar to that of the stator frequency. The control structure is in fact built on the constant voltage-frequency ratio principle. On the other hand, an analysis of these signals has permitted an outline of some important conclusions. It is observed in particular that the dynamic behavior is characterized by a rise time of about 0.4s a peak time of 0.6s, and a settling time that practically corresponds to 2s. The maximum overshoot is estimated at 4.5% for a no load regime.
Case iii):
This case corresponds to a change in the speed reference executed exactly as it was for the previous case. The only difference is that the time saving is reduced and the number of samples is increased to observe, in more detail, the stator current signal. Fig. 17 corresponds to this case and furnishes:
• The voltage duty ratio (curve a: red color).
• The instantaneous stator current signal (curve b: blue color). • The stator current magnitude (curve c: light blue color). It is observed that the stator current magnitude decreases due to an increase in the stator frequency. On the other hand, it is also observed that stator current dynamics are very fast. Fig. 18 gives a zoom in of the current trajectory at the instant of a very sensitive machine speed change. The stator current trajectory changes rapidly from a sinus curve to a new one.
VII. CONCLUSIONS
A novel algorithm for voltage control is proposed in this paper. This algorithm, named direct voltage control (DVC), can be applied to AC drives fed with power inverters. Practical implementation on a digital signal processor such as a dSPACE is simple and easy. We believe that the major contribution of this approach is in making the principle of direct control simpler and more reliable. The direct voltage control scheme is built on a powerful minimisation criterion to select the best inverter voltage vector. By testing the generation of several voltage forms of waves, this criterion has led to very promising results. In open-loop control and in close-loop control the proposed DVC algorithm has been implement on a dSPACE DS1104 with a sampling time of 50µs. Experimental results show the correctness and feasibility of the proposed algorithm. Moreover, it has been discovered through an analysis of the command signals that this algorithm can reduce the number of switching commutations and consequently the semi conductor losses.
